Under different substrate temperatures, deposition thickness, and annealing temperatures, the growth of nanometer-scale PtSi/p -Si͑111͒ heterostructures prepared by sputtering was investigated by x-ray photoelectron spectrum ͑XPS͒, x-ray diffraction ͑XRD͒, and atomic force microscopy ͑AFM͒ techniques. The results of XPS show that the peaks of the Pt4f chemical binding energies of deposited Pt film specimens shift to higher energies after annealing. Pt, PtSi, and Pt 2 Si phases existing in the annealed film are verified by XRD. AFM observations prove that the surface morphologies are obviously different with different treatment conditions. The growth of the PtSi phase and the distribution of silicides are intensely affected by the deposition and technological parameters. It is also confirmed that Pt, PtSi, and Pt 2 Si phases coexist in the same layers. In the present study, the more uniform and flatter heterostructure film of PtSi/p -Si͑111͒ is attained under the conditions with annealing temperature of 500°C ͑30 min͒, substrate of 300°C, and 5 nm Pt.
I. INTRODUCTION
Transition metal silicides have received a great deal of attention due to their use in a number of devices. [1] [2] [3] [4] Platinum silicide ͑PtSi͒ is an important metal silicide which is widely used for ohmic contact, correlation, and Schottky barrier contact in large scale integrated circuits and infrared detectors. [5] [6] [7] [8] Previous studies of PtSi include kinetics, ambient effect on silicide formation, the sequence of Pt 2 Si and PtSi phase formation, the role of the Au buffer, surface oxide formation, electrical characteristics, and the effect of deposition techniques for Pt. [9] [10] [11] [12] [13] [14] To improve the detecting sensitivity of PtSi infrared focal plane detectors ͑IRFPD͒, a thin and uniform silicide layer with a very planar silicide/silicon interface should be produced. 15 Our recent work reported the formation and continuity of nanometer scale PtSi͑111͒ films. 16 In the present work we have made a continuous and uniform nanometer PtSi heterostructure using different annealing temperatures, preheated or unheated substrates and different Pt film thicknesses. The characteristics of PtSi formation have been observed using x-ray photoelectron spectrum ͑XPS͒, x-ray diffraction ͑XRD͒, and atomic force microscopy ͑AFM͒ techniques while changing these parameters. The velocities of diffusion and reaction for Pt and Si atoms are affected by technological parameters, which distribute silicides differently on the surface of the samples.
II. EXPERIMENT
The substrates employ p-type Si ͑111͒ crystal wafers having a resistivity of 30 ⍀ cm. They are chemically cleaned, followed by conventional washing ͑HF washing 3 min, then distilled water washing͒. The samples are then dried by pure N 2 and put into a V5-24-C type sputtering chamber, with a pressure below 10 Ϫ7 Ϫ10 Ϫ8 Pa. 2, 5, and 10 nm thickness Pt films are then deposited on the Si substrate. The selected substrate temperatures are unheated ͓room temperature ͑RT͔͒, 150 and 300°C; the annealing conditions are 350 ͑30 min͒, 500 ͑30 min͒, and 600°C ͑3 min͒. During the annealing process, pure N 2 is used to protect the substrates from oxidation. 30 min annealing is performed in a diffusion furnace, while 3 min annealing is done in a light annealing furnace.
The films were then analyzed by XPS, XRD, and AFM techniques. XPS used a PHI5700ESCA XPS and Mg target with sputtering once every 30 s. XRD used a D/max-rA diffraction and Cu target. AFM was performed using a NonoScope IIIa Scanning Probe Microscope.
III. RESULTS AND DISCUSSION

A. Effect of annealing temperature on the growth of PtSi
XPS is used to study samples deposited 5 nm Pt films annealed at 350, 500, and 600°C, respectively, on substrates which were not heated. Figure 1 depicts the relationship curves of chemical binding energy of Pt4f with sputtering cycles increasing at different annealing temperatures, the right ordinate being the number of sputtering cycles. Figure  1͑a͒ shows that the Pt4f 5/2 and Pt4f 7/2 peaks of the 350°C annealed sample shift from a low energy state ͑73.2 and 69.92 eV͒ to a high energy state ͑74.7 and 71.25 eV͒, respectively, in profiling from the surface to an inner layer. As sputtering time increases, the Pt4f peaks obviously shift. In accordance with the binding energy of silicides, the results reveal that Pt atoms have reacted with Si atoms and formed silicides. Pt atoms reacting with Si atoms first form metastable phase Pt 2 Si, then transform into stable phase PtSi. The formation of PtSi is believed to give rise to peaks at 74.7 eV for Pt4f 5/2 and 71.25 eV for Pt4f 7/2 which exhibit narrow and symmetric features in the spectra. Figure 1͑b͒ shows that there are a few Pt atoms on the surface. As sputtering time increases, the Pt4f peaks of the surface broaden towards high energy. From Fig. 1͑c͒ , it can be conjectured that some Si atoms exist on the surface of the 600°C sample, and the Pt4f peaks evidently bulge in the left shoulder. As sputtering time increases, the peaks become wide and unsymmetric.
For the sample annealed at a lower temperature ͑350°C͒, the thickness of the growth transition region of interfaces is thinner. The interfaces of the Pt/Pt 2 Si (Pt4f 5/2 peak shifts from 73.2 to 73.8 eV͒ and the Pt 2 Si/PtSi (Pt4f 5/2 peak from 73.8 to 74.7 eV͒ is obvious and the phase transformation has finished within 3-4 sputtering cycles. There are only two narrower Pt4f peaks for any layer, and the layer sequence may be Pt-Pt 2 Si-PtSi-Si. When the annealing temperature reaches 600°C, unreacted Pt atoms on the film decrease and the mixed layer of PtSi and Pt 2 Si phases becomes thicker. Since more than two Pt4f peaks appear in the film from 9 to 25 sputtering cycle, the interfaces of the phase transformation are not clear. The higher the annealing temperature is, the more silicides exist on the surface.
B. Effect of substrate temperature on the growth of PtSi
The growth of PtSi has been studied on unheated and heated 300°C silicon substrates. The XPS result of specimen annealed at 600°C, whose substrate temperature is 300°C, is shown in Fig. 2 . In the light of the binding energies of Pt and silicides, four Pt4f peaks representing Pt, Pt 2 Si, and PtSi phases coexist on the surface. This indicates that Si atoms and Pt atoms diffuse into each other and cause Pt to react with Si, not only in the Pt-Si interface, but also on the surface. As can be seen by comparison with Fig. 1͑c͒ , most of the Pt atoms on the preheated substrate in Fig. 2 have reacted with Si atoms forming the PtSi phase, and the thickness of the mixed multiphase layer has evidently decreased.
XRD results of the specimens with same thickness ͑5 nm͒ are shown in Fig. 3 , which is annealed at 600°C. When the substrate is not preheated, the stronger Pt peaks exist in Fig.  3͑a͒ , while only PtSi ͕͑020͒, ͑040͖͒ peaks exist for the heated substrate specimen, as shown in Fig. 3͑b͒ . Figure 4 shows the AFM results when examining the surface morphology of the specimens prepared with unheated and heated substrates. When compared with the unheated substrate specimen ͑the film thickness of platinum silicide is about 20 nm and the surface morphology is grain columnar͒, the film quality of preheated substrate specimens ͑the film is about 10 nm and its morphology is flatter͒ is better and the distribution of PtSi phase is more uniform.
It has been shown that some unreacted Pt atoms exist on the unheated substrate surface and fewer Pt atoms on the heated substrate surface. The heated substrate makes it easier to form PtSi phase directly. The phase interface of the preheated substrate sample is more apparent than that of the unheated one and its mixed layer becomes thinner.
C. Effect of Pt film thickness on the growth of PtSi
The growth of PtSi and Pt 2 Si was investigated by depositing 2, 5, and 10 nm Pt on unheated substrates, which were annealed at 500°C. The results of XPS in Fig. 5͑a͒ show that Pt4f peaks of the sample ͑2 nm Pt film͒ do not shift on the surface or in the film; this proves that the film has changed into PtSi phase completely. In Figs. 1͑b͒ ͑5 nm Pt film͒ and 5͑b͒ ͑10 nm Pt film͒, the Pt4f peaks that shift from lower energy to higher energy states corresponding with increased sputtering cycles. The results show that there are unreacted Pt atoms layers on the surface of thicker film specimens, and the coexisting regions of Pt, Pt 2 Si, PtSi phases appear below the surface. The results of XRD in Fig. 6 confirm that there are rich platinum phases (Pt, Pt 2 Si) on the 10 nm Pt film specimen. Combined with XPS, these results show the thickness of Pt film affects the formation and distribution of PtSi phase.
D. Discussion
Generally, only one phase is observed at a time when thin metal films react with single crystal silicon; the second phase starts to form only after the first one has completely reacted. The Rutherford backscattering spectroscopy ͑RBS͒ of the sample shows that the second phase PtSi has formed only after the film had been completely transformed into Pt 2 Si. 17 Platinum silicides seem to be an exception, since the existence of two silicide phases and an unreacted Pt layer were observed at the same time. These observations and the discrepancies are reported in previous literature. 18, 19 Muta and Shinoda 14 revealed that the intermetallic phase formed near Pt was Pt 2 Si and near Si was PtSi and Pt-Si contact changes sequentially through Pt→Pt 2 Si→Si and Pt→Pt 2 SiϩPtSi→Si to Pt 2 SiϩPtSi→Si, and finally the PtSi→Si contact were formed by heat treatment at a temperature far below the eutectic point. Crider et al. 20 also stated that: the phase growth began with the formation of Pt 2 Si at the Pt-Si interface, then growth of Pt 2 Si continued until all the Pt was consumed; only when all of the Pt was reacted to form Pt 2 Si did PtSi begin growing from the Pt 2 Si-Si interface, and growth continued until all of the Pt 2 Si was consumed.
During our experiments, the characteristics of PtSi formation were observed while varying annealing temperature, substrate temperature, and deposition thickness of Pt. It has found that not all Pt is consumed completely to form Pt 2 Si, not all Pt 2 Si transformed into PtSi, and there are mixed phases in some layers of the samples at higher annealing and substrate temperatures. This study supports the theory that formation of PtSi may occur through two alternative ways. One is through the transformation of Pt-Pt 2 Si-PtSi. The other is platinum transforming into PtSi directly.
Since the structure of Si single crystal is of the diamond type, there are stronger binding energies among Si atoms. As annealing temperature increases, the system entropy becomes large and causes more Pt and Si atoms to have higher active energy. The weaker binding Pt atoms in the nanometer scale Pt film are released from their own lattice into the reaction region. Once Pt atoms enter the interstitial position of the Si lattice, and Si atoms break their covalent bonds, the two reactants are mixed together in the reaction region and are then rearranged on the lattice of the growing phase. The composition in the reaction region will determine which reaction is kinetically preferred. As the forming energy of Pt 2 Si phase is 28.8 kJ/mol smaller than that of the PtSi ͑33 kJ/mol͒, the two reactants overcome a lower potential barrier to form metastable Pt 2 Si phase easily. Under the same annealing condition, the heated substrate or thinner Pt film make most Pt atoms possess higher Gibbs energy and faster velocities of diffusion and reaction, which satisfy the stoichiometric requirement of the process of PtSi formation. From the above results, it can be conjectured that technological parameters affect the thermodynamic and kinetic process of the nanometer heterostructure system and cause different velocities of diffusion and reaction. The sequences of silicide formation depend on the preferential order of thermodynamic and kinetic conditions. The higher the annealing temperature and substrate temperature are, and the thinner the film is, the faster the diffusion and reaction velocity. The conditions favor forming the stable PtSi phase. The lower annealing temperature makes Pt atoms and Si atoms diffuse and react slowly, and leads to only one phase existing in some layers. PtSi and Pt 2 Si may also coexist in some layers of the film at the same time. The sequence of the mixed phases layers of the samples annealed at 500 and 600°C is Pt-PtϩPt 2 Si-Pt 2 SiϩPtSi-PtSi-Si. AES results also confirmed a mixed layer existing in a 600°C annealed sample. 16 At the PtSi/Si reaction region, the two reactants are Pt and Si, whereas at the Pt 2 Si/PtSi interface, the two reactants are Pt and PtSi. The interaction between Pt and Si is different from that between Pt and PtSi. As the Pt 2 Si phase is metastable, the Pt 2 Si-PtSi interface moves more rapidly than the Pt-Pt 2 Si interface. Once the PtSi starts to form, the moving velocity of the Pt-Pt 2 Si interface is reduced considerably. If the system energy is high enough, most of Pt atoms in the film take part in diffusion and reaction to surmount the highest barrier of the system, forming PtSi phase directly.
IV. CONCLUSIONS
The formation of PtSi phase and the distribution of silicides are affected greatly by annealing temperature, substrate temperature, and deposition thickness. The growth sequence of silicides can be classified as follows: First, if the substrate is not heated, annealing temperature is 350°C and Pt film is 5 nm, that is Pt-Pt 2 Si-PtSi-Si. Second, if the substrate is not heated, annealing temperature is over 500°C and Pt film is 5 nm, that is Pt-Pt 2 SiϩPtSi-PtSi-Si or PtϩPt 2 SiϩPtSi-PtSi-Si. Third, if the substrate is heated at 300°C, annealing temperature is over 500°C and Pt film is 2 nm, that is PtSi-Si. The more uniform and flatter PtSi film is attained by annealed at 500°C for 30 min with the substrate temperature of 300°C and Pt thickness of 5 nm.
